Abstract-we propose and analyze a series of vertical directional couplers based on SOI-compatible hybrid plasmonic waveguides. We investigate two configurations: metal-insulator-metal (MIM) and insulator-metal-insulator (IMI). Both slab and threedimensional analyses show that MIM directional couplers have better coupling performance such as sub-micron coupling length and lower loss. To ensure the normalized power loss lower than 5%, the coupling length can be chosen as short as 0.492 μm (about one third of the wavelength 1.55 μm). The coupler size can be traded for even lower power loss. In one example, a lesscompact design yields 3% power loss, while maintains sub-micron coupling length. We further verified our design with beam propagation analysis. The analysis independently verifies the compact MIM design does show guided mode coupling length along vertical direction can be as short as 0.492 μm.
I. INTRODUCTION

O
PTICAL circuits have been a promising technology for high-speed signal transferring and processing in recent years. To achieve high-density optical circuits, the miniaturization of optical waveguide dimensions is critical. The size of guided mode field is generally around the operation wavelength in conventional dielectric-based waveguides, such as siliconon-insulator (SOI) and dielectric slot waveguides. For telecommunication applications, the popular wavelength is 1.55 μm, resulting in overall waveguide dimension in the order of several hundreds of nanometers. This size is relatively larger than modern silicon-based semiconductor devices. In high-density optical circuits, the crosstalk from nearby circuit is also critical. Due to limited field confinement, signals transmitted in dielectric waveguides are susceptible to crosstalk, even with high index-contrast guiding materials. Plasmonic and metal-insulator-metal (MIM) slot waveguides based on surface plasmon polariton (SPP) allow much better confinement. Therefore, they have been proposed as a solution for nanoscale optical circuits [1] - [5] . However, plasmonic waveguides are not good for long-range propagation because metals are very lossy at optical frequency and the field penetrates deeply into the metals in such structures. To compromise the modal size and propagation loss, hybrid plasmonic waveguides (HPWGs) have been proposed [6] . In HPWGs, the guided mode areas of HPGWs are much smaller as compared with dielectric-based waveguides, in order to achieve higher guided field concentration in the gap region between metal and high-index dielectric. The resulting local high field intensity improves signal sensitivity in sensing application [7] . The nanoscale confinement also greatly increases the mode area compactness and reduces the propagation power [6] . In addition, the propagation losses of HPWGs are generally much less than those of plasmonic waveguides, indicating fewer heat dissipation. Overall, HPWGs are attractive for miniaturized optical circuits considering both modal size and propagation loss.
Recently, some researchers in the field of photonic devices also adopt HPWGs for less propagation loss and better miniaturization. Loss compensation using gain media for lossless propagation is reported [8] , [9] . Long-range hybrid plasmonic waveguides (LRHPW) are also investigated to further reduce the propagation loss by guided modes of insulator-metal-insulator (IMI) or MIM HPWGs [10] - [14] . The propagation loss of fundamental even mode is much less than that of odd one in a LRHPW. Therefore, optical power is transmitted through fundamental even modes in the waveguides. Applications involving odd guided modes draw little attention due to high propagation loss. Various photonic devices have also been studied to shorten device length for ultra-compact design. Developments of nanoscale lasers have shown great potential of hybrid plasmonic optical devices [15] , [16] . Power splitters based on multimode interference (MMI) and Y-branch structures are theoretically analyzed [17] . Microring resonator filters for HPWGs have also been proposed with theoretical analysis and experiment results [18] . Among various photonic devices, directional couplers are a fundamental building block in optical circuits. Several directional couplers based on plasmonic [19] and HPWGs [20] - [22] are studied. Some design schematics are shown in Fig. 1(b) and (c). Even-odd mode beating is the major coupling mechanism of directional couplers. The most straightforward approach to shorten coupling length is to narrow the gap between the two guided regions. If the gap is removed, the wide waveguide becomes a MMI system [23] . In the above mentioned directional couplers, the coupling is often achieved by arranging two identical waveguides along lateral direction. It is in general very difficult to achieve sub-micron coupling length in such arrangement.
In this paper, we propose and analyze an alternative scheme: vertical, instead of lateral, even-odd mode beating, to achieve ultra-compact directional coupling. Several vertical dielectric directional coupler designs were proposed with modulation or amplification capabilities [24] , [25] , and we apply this design concept to hybrid plasmonic waveguide. We first analyze slab MIM and IMI configurations to obtain the major features of the hybrid plasmonic directional couplers with highly efficient mode solver [26] , [27] . The propagation loss of odd modes is critical in our design since it is generally much higher than that of long-range even modes. From the analysis of slab structures, we find that the MIM configuration is a better design since the odd modes work better in terms of power loss. In three-dimensional waveguide mode analysis [28] , finite-width directional couplers with the MIM configuration also show superior coupling performance. The sub-micron coupling capability is further modeled and verified by beam propagation analysis. Since the SOI process has been a popular and proven technology in silicon photonics and semiconductor industry, in this paper, we adopt the geometry and material parameters compatible to SOI process. Finally, a conclusion is given.
II. SLAB VERTICAL HYBRID PLASMONIC DIRECTIONAL COUPLERS
We first analyze design feasibility of MIM and IMI configurations as directional couplers. Schematics of both coupler types are illustrated in Fig. 1(d) and (e). Silver, silicon, and silica are selected as device materials in our simulation. They are illustrated by gray, darker blue, and light cyan colors in the figures. Relative permittivities of these materials are Ag = −129 − j3.3, Si = 3.47772 2 , and SiO 2 = 1.5 2 for telecommunication wavelength 1.55 μm. We investigate propagation characteristics under different silicon height d and silica gap g in both MIM and IMI structures and metal layer thickness m in IMI waveguides. We also investigate the effects of silicon width w in three-dimensional analysis. There are multiple geometry parameters in three-dimensional vertical directional couplers, and simplification is required for efficient performance evaluation. To do the simplification, we first set the range of silicon height d between 200 and 400 nm for SOI-compatible design. Because of small silicon height, a wider silicon block is used for better field confinement. The aspect ratio w/d is larger than or equals to unity, and the major field polarization of guided wave is along y-direction. We then model the simplified MIM and IMI hybrid plasmonic directional couplers with infinite silicon width. The results of the simplified structures show major trends of the waveguide behavior and are very useful for concept explanation and design reference. In addition, with infinite w, the structure can be efficiently modeled with two-dimensional mode solver.
We first calculate the propagation constants β of even and odd guided modes for simplified structures, where the first and the second TM modes are the even and odd modes, respectively. The propagation distance L prop is defined as
and the coupling length L c as
The L prop is defined as the distance of propagation when mode power decay to e −1 of original input power. The propagation distance comparison of MIM and IMI couplers with different geometrical parameters are shown in Fig. 2 . The use of narrower gap increases the SPP effects and leads to smaller mode area, but it also increases the propagation loss. In both MIM and IMI waveguides, even modes are much less lossy than odd modes. Referring to Fig. 2(b) , the propagation losses of even modes are very low in IMI waveguides with very thin metal layer. This feature is very useful for long-range propagation design. Meanwhile, the losses of odd modes are extremely high because of deeper field penetration into the metal layer [10] . When the metal layer of IMI waveguide is thicker, e.g., m = 80 nm, the upper and lower waveguides are nearly decoupled and the field penetration into the metal layer for odd modes is decreased. These results match with earlier theoretical reports [10] . On the other hand, in MIM HPWGs, the loss difference of even and odd modes are relatively smaller than that in IMI waveguides with m = 20 nm. The more balanced loss figure in MIM structures is because of the guiding provided by silicon and dual metal layers. The guiding mechanism yields more field penetration in dielectric materials and avoids strong field penetration in the metal layer for odd modes. In comparison, the silicon layer in the IMI structure with very thin metal layer does not provide sufficient guiding because of the domination of the SPP effect. Note that for the worst case of odd mode in MIM waveguide, its propagation distance is approximately 10.7 μm. Since it is several times larger than the coupling length, the waveguides are good for directional coupler applications.
To further analyze the coupling characteristics of slab hybrid plasmonic directional couplers, we introduce the ratio R, defined as
This ratio can be regarded as a benchmark of coupler performance and efficiency after a coupling length. The choice of odd mode in the ratio is because the higher loss of odd mode is the major source of performance degradation. Both results of coupling length and ratio R are shown in Fig. 3 . The normalized odd mode power loss f odd in the figure is defined as
which indicates odd mode power loss after one coupling process.
The R values are approximately larger than 9.49, 19.50, or 32.83 for normalized odd mode power loss of 10%, 5%, or 3%, respectively. The threshold R values for of 10%, 5%, or 3% are illustrated as magenta, red, and brown lines in all R ratio comparison figures. From Fig. 3(a) , we find that sub-micron coupling length can be easily achieved in MIM waveguides with d less than 300 nm. When the most compact setting of (d, g) = (200, 10) nm is used, the coupling length can be as low as 0.47 μm, while the corresponding R value is still larger than 22. For f odd lower than 5%, the resulting MIM waveguide shows great potential as a high-performance and ultra-compact directional coupler. If the gap size is set to 30 nm and d remains the same, the R value and f odd can be further improved with slightly longer coupling length. The R value can be larger than 34 with f odd lower than 3%, while L c is approximately 0.64 μm, which is still sub-micron. This choice of parameters allows better power conservation while maintains compactness. The results of IMI directional couplers are shown in Fig.  3(b) . With m = 20 nm, the coupling lengths are in the wavelength-scale. Combined with higher propagation losses of odd modes, the resulting R values at g = 10 nm are less than 5. This indicates that more than 18% of odd mode power is lost after one coupling process. Increasing m to 80 nm, we find the minimum coupling distance is over 30 μm. The corresponding R value is less than unity, and f odd is higher than 63%. As explained earlier, the upper and lower waveguides are almost decoupled when m = 80 nm, and this makes directional coupling in IMI structure with a thick metal layer ineffective.
III. THREE-DIMENSIONAL VERTICAL HYBRID PLASMONIC DIRECTIONAL COUPLERS WITH FINITE-WIDTH SILICON
For practical design, we consider the finite-width silicon in the directional coupler design with schematics illustrated in Fig.  1(d) and (e). Because the slab waveguide analysis in Section II shows that sub-micron coupling can be achieved with d less than 300 nm, we limit the simulation range of d up to 300 nm. Section II also shows the coupling in IMI structure with thick metal layer is not good. Therefore, we will consider MIM and only IMI couplers with m = 20 nm in this section. Due to the narrow height of the waveguide, we choose wide silicon core to provide sufficient horizontal confinement. The finite silicon width w is set to 300, 400, and 500 nm for comparison. As shown in Section II, odd modes have higher propagation loss than even ones. The performance of HPWG directional couplers will mainly depend on their odd modes. Therefore, we will focus and demonstrate more on simulation results of odd mode in this section. Referring to Figs. 4 and 5, the Poynting flux S z and E y field components of both even and odd modes of finite-width waveguide are shown. The results verify high field concentration in the gap regions and small guiding area, which we have mentioned previously.
As shown in Fig. 6(a) , if thicker silicon or wider gap is used in MIM coupler, odd mode guiding behavior is less dependent on silicon width w. Waveguides with narrower width w will not result in significant loss. With g = 10 nm and w = 300 nm, the decrease of the propagation distance becomes significant for d < 240 nm. From Fig. 6(b) , we find propagation loss is dominated by gap size, as thin metal layer thickness of IMI coupler is fixed. Overall, both finite-width MIM and IMI HPWGs show only moderate increases of propagation loss compared with their corresponding slab cases.
We also show the comparison of coupling length in Fig. 7 (a) and (b). The coupling length L c of MIM couplers are less than 1 μm for all parameter combinations investigated. L c can be less than 0.5 μm with gap sizes of 10 nm and d equal to or less than 220 nm, which are very compact. The coupling lengths of the compact structures with finite silicon width are even shorter than slab MIM waveguides, as L c < 0.5 μm. The coupling lengths of IMI couplers are longer than those of MIM couplers, while the propagation distances of the former are shorter than those of the latter. Simulation shows that the differences of coupling lengths between finite-and infinite-width IMI HPWGs are less than 10% when gap size g is 10 nm.
Again, we introduce ratio R to benchmark their performance. The R value comparison is shown in Fig. 8 (w, d, g) = (300, 200, 10) nm, while the R values of all IMI couplers are less than 5. This means finite-width silicon MIM hybrid plasmonic directional couplers also provide ultracompactness and high coupling efficiency. Combined with coupling length results, we have several highly-compact design choices. For example, the coupling length is shorter than 0.5 μm when (w, d, g) = (300, 220, 10) nm. Normalized odd mode loss f odd is lower than 5% after coupling at the same time. If larger gap g = 30 nm is used, the R values are significantly higher and f odd 's are less than 3% ratio for all geometry settings.
From the modal analysis, we find that MIM HPWG is ideal for high-performance directional couplers. We further use fullvectorial beam propagation method (BPM) [29] to simulate the ultra-compact MIM directional couplers. The BPM gives the field distribution from one-way propagation based on slowvarying envelope approximation. The formulation is described as k 0 n 0 ψ |∂ψ/∂z|, where ψ is wave envelope with fast phase-varying term e −j k 0 n 0 z extracted and n 0 is a reference effective index. The BPM in our simulation is based on magnetic field formulation to avoid field singularity near silicon corner. Since the dominant components of quasi-TM guided wave are E y and H x fields, the Poynting flux S z can be approximated as where E y and H x are wave envelopes without phase term e −j k 0 n 0 z . With slow-varying envelope approximation [30] , the relation of approximated Poynting flux flow S z and H x can be expressed as
In the BPM simulation, the silicon width, height, and guiding gap sizes (w, d, g ) of the hybrid plasmonic directional coupler are (300, 220, 10) nm. From the simulation schematic in Fig. 9 , the single-slot guided mode is launched into the lower gap. The approximated mode power distribution of the launched guided wave is shown in Fig. 10(a) . We investigate the crosstalk by defining the figure of merit (FoM) as FoM = 10 log P 1 P 2 = 10 log Upper gap S z dxdy
Lower gap S z dxdy
where the gap cross-section is w × g as illustrated in Fig. 1(d) .
From earlier modal analysis of even and odd modes, L c for (w, d, g) = (300, 220, 10) nm is about 0.456 μm. From BPM calculation, the approximated power distribution at z = 0.492 μm as shown in Fig. 10(b) , shows that the coupled mode power ratio is approximately 99%. This indicates highly efficient mode coupling between vertical directional coupler and input/output waveguides. In the crosstalk calculation, the FoM at z = 0.492 μm is approximately 17.6 dB. With low propagation losses and short coupling lengths, the proposed design can achieve very high coupling efficiency, verified by both modal analysis and beam propagation analysis.
IV. CONCLUSION
We propose an alternative design of vertically stacked directional couplers based on SOI-compatible ultra-compact HPWGs. Symmetric MIM and IMI slab HPWGs are considered. From the slab waveguide analysis, it is shown that MIM directional couplers can achieve both sub-micron coupling and high coupling efficiency. It is also shown that MIM waveguides have better performance in terms of the coupling length and propagation loss of the fundamental odd mode than IMI waveguides. We also simulate practical MIM and IMI directional couplers with finite-width. The results show sub-micron coupling length in most finite-width MIM directional couplers. For some highly compact MIM coupler designs, the coupling length can be even shorter than 0.5 μm while the propagation loss during coupling is kept lower than 5%. We further verify the details of the coupling mechanism by the beam propagation analysis. With the high efficiency of power transfer and sub-micron coupling length, our proposed vertical MIM directional couplers will be very useful in high-density optical circuits.
